ABSTRACT Selenium (Se) deficiency has previously been shown to induce myocarditis in mice infected with a benign strain of coxsackievirus. To determine if Se deficiency would also intensify an infection with influenza virus, Se-deficient and Se-adequate mice were infected with a mild strain of influenza, influenza A/Bangkok/1/79 (H3N2). Infected Se-deficient mice developed much more severe interstitial pneumonitis than did Se-adequate mice. This increase in pathology was associated with significant alterations in mRNA levels for cytokines and chemokines involved in pro-inflammatory responses. These results demonstrate that adequate nutrition is required for protection against viral infection and suggest that nutritional deprivation may be one of many factors that increase the susceptibility of individuals to influenza infection.
nfection with influenza viruses causes widespread morbidity and mortality. Each year, more than 20,000 deaths occur in the United States alone due to infection with influenza virus and from complications arising post-infection (1) . The groups most susceptible to developing severe disease from infection with influenza virus are the elderly and individuals with chronic heart and/or lung disease. Both of these groups are also at risk for malnutrition, which could play a role in their increased susceptibility to severe infection with influenza virus. Selenium (Se) is a nutritionally essential trace element and is an integral part of glutathione peroxidase (GSH-Px), an antioxidant enzyme, as well as a component of several other less well documented selenoproteins (2, 3) . Deficiency of Se in China has been associated with Keshan disease, an endemic cardiomyopathy with seasonal and annual variations in incidence (4) . Epidemiological evidence suggests that an enteroviral infection, along with a deficiency in Se, is required for the development of Keshan disease (5) .
I
Earlier work demonstrated that Se-deficient mice were much more susceptible to coxsackievirus B3 (CVB3)-induced myocarditis than were Se-adequate mice (6, 7) . This increase in pathology was associated with a more vigorous immune response that caused widespread inflammation in the myocardium of the Se-deficient mice when compared with the Se-adequate mice. Infection with influenza virus also induces an inflammatory response in the infected tissue, although the target organ is the lungs rather than the heart. This study was designed to determine whether influenza-infected Se-deficient mice were also at risk for increased pathology.
METHODS AND MATERIALS

Mice
Three-week-old C57Bl/6J male mice (Jackson Laboratories, Bar Harbor, ME) were housed four per cage in the University of North Carolina's animal facility and provided with food and water daily. Mice were fed specified diets for 4 weeks prior to virus inoculation. All mice were maintained under protocols approved by the Institutional Animal Review Board of the University of North Carolina.
Diets
Mice were divided into two groups and fed a diet that was either adequate or deficient in Se. Diets were purchased from Harlan Teklad (Indianapolis, IN). Se was added to the adequate diets as sodium selenite. The Se level of the mouse diets was determined by continuous-flow hydride generation atomic absorption spectrometry (HGAAS) after acid digestion (8) . The analysis was validated against NIST 1549 nonfat milk powder (National Institute of Standards and Technology, Gaithersburg, MD).
Virus
Influenza A/Bangkok/1/79 (H3N2) was obtained from Flow Laboratories (McLean, VA) and propagated in 10-day-old embryonated hen's egg. The virus used in this study is the third passage through eggs and has not been passaged in either tissue culture or mice. The virus was collected in the allantoic fluid and titered by both hemagglutination (9) and TCID 50 (50% tissue culture infectious dose) on MDCK (Madin-Darby canine kidney) cells (10) . Stock virus was aliquoted in 0.5-mL volumes and stored at -80 o C until needed.
Infection of mice
Mice were lightly anesthetized with an intraperitoneal injection of ketamine (0.22 mg) and xylazine (0.0156 mg). Following anesthesia, 10 HAU (hemagglutination units) of influenza A/Bangkok/1/79 in 0.05 mL of Dulbecco's phosphate-buffered saline (PBS) was instilled intranasally, and the mice were allowed to recover from the anesthesia.
Liver and serum Se and GSH-Px levels
Liver and serum Se levels were determined by continuous-flow HGAAS and graphite furnace AAS with longitudinal Zeeman background correction, respectively (8) . The analysis was validated against NIST 1577b bovine liver (NIST) and a commercial serum quality control material (Seronorm trace element serum [batch no. 010017], Nycomed, Oslo, Norway). Liver GSH-Px activity was determined according to the method of Paglia and Valentine (11) .
Histopathology of lungs
At days 4, 5, 6, 10, and 21 post-infection, mice were killed and their lungs removed for study. The right lung was removed, inflated with OCT (Optimal Cutting Temperature, Sigma, St. Louis, MO), diluted in PBS, embedded in OCT, and immediately frozen on dry ice. Sections (6 µm) were cut on a cryostat and fixed and stained with hematoxylin-eosin. Two independent investigators, without knowledge of the experimental variables, graded the extent of inflammation. Grading was performed semiquantitatively according to the relative degree (from lung to lung) of inflammatory infiltration. The scoring is as follows: 0, no inflammation; 1+, mild influx of inflammatory cells with cuffing around vessels; 2+, increased inflammation with approximately 25-50% of the total lung involved; 3+, severe inflammation involving 50-75% of the lung; and 4+, almost all lung tissue contains inflammatory infiltrates.
Determination of lung virus titers
One-quarter of the left lung (cut on the long axis) was removed immediately after the mice were killed and frozen in liquid nitrogen. The lung tissue was weighed and ground in a small volume of RPMI 1640 using a Tenbroeck tissue grinder (Fisher Scientific, Pittsburgh, PA). Ground tissues were then centrifuged at 2000× g for 15 min, and the supernatant was recovered and titered by TCID 50 onto MDCK cells (10) .
Measurement of antibody titer
Serum-neutralizing antibody titers were measured as previously described (12) .
Bronchoalveolar lavage
Mice were killed and the thorax was opened. Lungs were lavaged with 1 mL PBS using a tracheal cannula. The recovered lavage fluid was subsequently centrifuged, and the cell pellet was collected for analysis.
FACS analysis
Cell suspensions from the bronchoalveolar lavage (BAL) fluid of infected (or uninfected control) mice were stained with the following antimouse monoclonal antibodies: PE anti-CD3, FITC anti-CD4 or FITC anti-CD8, and FITC-Mac-3 cells marker (Pharmingen, San Diego, CA). After staining was done, the cells were sorted and counted by FACS analysis on a FACScan machine using LYSYS II, Version 1.1 software (Becton Dickinson, San Jose, CA).
RNAse protection assay
Total RNA from the mediastinal lymph nodes (which drain the lung) of uninfected and infected mice at each time period was prepared using TRIzol Reagent (GIBCO BRL, Grand Island, NY). Chemokine and cytokine levels were determined using the "RiboQuant Multipurpose Ribonuclease Protection Assay (RPA) System" with the mCK-5 probe set and the mCK-1 probe set (Pharmingen). The mCK-1 probe set contains probes for IL-4, IL-5, IL-10, IL-13, IL-15, IL-9, IL-2, IL-6, and IFNγ. The mCK-5 probe set contains probes for Ltn, RANTES (regulated upon activation T-cell expressed and secreted), Eotaxin, MIP-1β, MIP-1α, MIP-2, IP-10, MCP-1, and TCA-3. The dried gel was exposed to X-ray film and developed for 24 h at -70 o C. Bands were detected and densitometrically quantitated using RiboQuant software. All chemokine and cytokine values were normalized to the housekeeping gene glyceraldehydes-3-phosphate (GAPDH).
RESULTS
Se content of mouse diets
The Se content of the experimental diets was determined to be 154 ± 8 µg Se/kg for the Seadequate diet and below the instrumental detection limit of 2.7 µg Se/kg for the Se-deficient diet.
Liver and serum Se status
To determine if feeding the Se-deficient diet was able to significantly lower the Se level and the GSH-Px activity (as a biomarker for Se status), we tested liver and serum samples for Se levels and the liver for GSH-Px activity at day 5 post-infection. As shown in Table 1 , the liver and serum Se levels decreased greatly in mice fed the Se-deficient diet as compared with mice fed the Se-adequate diets. Similarly, hepatic GSH-Px activity also significantly decreased in the Sedeficient mice (Table 1) .
Lung pathology
Lungs from infected mice were examined for histopathological changes at days 4, 5, 6, 10, and 21 post-inoculation. As shown in Figure 1 , mice fed the Se-deficient diet had significantly more inflammation at days 4, 6, 10, and 21 post-infection than mice fed the Se-adequate diet. The differences in inflammation were not significant between groups at day 5 post-inoculation. For both groups of mice, the pathology peaked at day 6 post-infection. The lung pathology in the Seadequate mice began to diminish after day 6, whereas the Se-deficient mice still had severe pathology even at day 21 post-infection. The infiltrate in both Se-deficient and Se-adequate mice was characterized as an interstitial pneumonitis, which is typical for an influenza infection in mice.
Total number and phenotype of cells infiltrating the lungs
To further characterize the histopathology of the post-influenza infection, cells recovered from the BAL fluid of Se-adequate and Se-deficient mice were stained for various cell surface markers and counted. Stained cells were then analyzed by flow cytometry. As shown in Figure 2 , the total number of cells recovered from the BAL fluid was significantly higher in the mice fed the Sedeficient diets on days 10 and 21 post-infection. This finding correlated with the increased histopathology found in the Se-deficient mice during those days.
The phenotype of the infiltrating cells was also assessed for the Se-adequate and Se-deficient mice. As shown in Figure 3 , Se-deficient mice have increased percentages of CD8+ cells and macrophages at day 5 post-infection when compared with the Se-adequate mice. However, at day 10 post-infection, the percentage of CD8+ cells (and, to a lesser extent, CD4+ cells) dropped in the Se-deficient animal when compared with the Se-adequate mice, suggesting an alteration of the immune response against the virus.
Viral titers
CD8+ T cells are thought to be primarily responsible for viral clearance in influenza infected lungs (13, 14) . Because the level of CD8+ cells in the lungs of influenza-infected Se-deficient mice decreased when compared with the Se-adequate mice, an increase in viral titer of the Sedeficient mice might be expected. However, as shown in Figure 4 , lung virus titers of Sedeficient mice were equivalent to the lung virus titers of the Se-adequate mice, although there was wide variation within groups. All mice were able to clear the virus by day 10 post-infection.
Antibody responses
Because a functioning T cell response is required for B cells to produce antibody, a defect in either B or T cell immunity can affect the secretion of virus-specific antibody. To determine if the deficiency in Se affected the ability of the host to secrete neutralizing antibody, we analyzed sera from mice 4, 5, 14, and 21 days post-infection for the presence of influenza-specific neutralizing antibody. As shown in Table 2 , neutralizing antibody titers against influenza were similar in both the Se-adequate and the Se-deficient animals, a result suggesting that there was no impairment in the ability of B cells to produce antibody.
Cytokines and chemokines
Both cytokines and chemokines (chemoattractant cytokines) are important mediators in the inflammatory response to influenza virus infection (15, 16) . Using an RNAse protection assay, we looked at several cytokines and chemokines associated with inflammatory responses. We found differences in both cytokine and chemokine mRNA expression in mediastinal lymph nodes between Se-adequate and Se-deficient mice. Figure 5 demonstrates the percent change in cytokine mRNA levels of Se-deficient mice as compared with Se-adequate mice. At all time points, mRNA for γ-IFN was much less abundant in the Se-deficient mice than in the Seadequate mice. Similarly, IL-2 mRNA levels were also lower in the Se-deficient mice. The levels of mRNA for IL-4 and IL-5 were both decreased at day 4 in Se-deficient mice compared with Se-adequate mice, then increased relative to Se-adequate mice at days 14 and 21. Se-deficient mice had greatly increased levels of mRNA for IL-10 and IL-13 at day 6 post-infection and for IL-4, IL-5, IL-10, and IL-13 at day 14 post-infection when compared with Se-adequate mice.
Chemokine responses were also affected by Se deficiency. As shown in Figure 6 , an increased expression of chemokine mRNA occurred in the Se-deficient mice beginning at day 6 postinfection. The greatest increases occurred at days 10 and 14 post-infection. On the other hand, expression of chemokine mRNA in the Se-adequate mice was highest on days 4 and 5 postinfection and then declined sharply thereafter. Thus, elevation in mRNA levels for chemokines occurs early in the Se-adequate mice, which corresponds with the early increase in lung inflammation of these animals. At later time points, the chemokine response declines in the Seadequate mice and the lung pathology resolves. However, the Se-deficient mice have increased lung pathology at the later time points, which also corresponds to the later increase in chemokine mRNA in this group.
DISCUSSION
Infection with influenza virus is responsible for extensive morbidity and mortality worldwide each year. The elderly and individuals with chronic diseases of the heart and/or lung are especially vulnerable to infection with influenza virus. It has been suggested that the elderly and the chronically ill are at a higher risk of infection due to impaired immune responses (17) . However, poor nutritional status may also influence susceptibility to infectious disease. Indeed, a number of epidemiological studies have demonstrated an association between poor host nutritional status and increased incidence and severity of infectious disease (18, 19) .
A deficiency in Se has also been associated with an increase in the severity of infectious disease (6, 7, 20, 21) . Studies have shown an association between Se status and the progression of AIDS (22, 23) , and trials with Se supplementation of HIV-infected individuals are under way. As a model for Keshan disease, Beck et al. (6, 7) fed mice a diet deficient in Se prior to infection with coxsackievirus. The infected deficient mice had a much more severe cardiomyopathy than infected Se-adequate animals.
Our work was designed to determine if an experimental Se deficiency in mice could influence the pathogenicity of a virus other than coxsackievirus. Influenza was chosen as a model because it is a significant public health concern. Although there is the possibility of a greater risk of morbidity and mortality in infected populations that are also at risk for impaired nutrition, we emphasize that the degree of Se deficiency seen in this study is more pronounced than that generally seen in human populations, except perhaps in the areas of China where Keshan disease is found. Infecting mice with influenza virus induces an interstitial pneumonitis that is characterized by an influx of T and B cells and macrophages to the infected lung (24) . The mouse has long been used to study influenza virus infection and pathogenesis (25) .
Our data demonstrated that, as with Se-deficient coxsackievirus-infected mice, Se-deficient mice infected with Influenza A/Bangkok/1/79 exhibited increased pathology when compared with infected Se-adequate mice. Se-adequate mice infected with Influenza A/Bangkok/1/79 develop a relatively mild inflammatory response. However, the inflammation is much more severe in the Se-deprived animals. The increased severity of the inflammation is reflected in the increased number of inflammatory cells obtained by BAL as well as the higher pathology score.
The increase in total number of inflammatory cells present in the lungs of Se-deficient influenzainfected mice might have been expected to clear the virus earlier and/or reduce the viral titer when compared with Se-adequate mice. However, clearance rates and viral titers were equivalent between Se-deficient and Se-adequate mice, suggesting that the increased number of inflammatory cells was unable to respond adequately to the virus. This may reflect a shift in the type of cell infiltrating the lung, as discussed below.
Because of the demonstrated importance of CD8+ T cells in viral clearance (13, 14) , we determined the phenotype of the lung infiltrating cells of both Se-adequate and Se-deficient influenza-infected mice. Although the percentage of CD4+ and CD8+ cells increased early during the infection in the Se-deficient mice, the percentage of the cytotoxic T cells infiltrating the lungs late during infection decreased. This result suggested that the Se-deficient mice had impaired recruitment of CD8+ cells to the lung. The total amount of inflammatory cells increased in the Se-deficient mice, but a deficiency in total numbers of CD8+ T cells likely contributed to the inability of the Se-deficient mice to clear the virus faster than the Se-adequate animals.
Neutralizing antibody titers are also an important defense against influenza virus, particularly with respect to reinfection (26) . Other investigators have found a deficiency in antibody titers in Se-deficient animals (27) . However, in our model with influenza virus infection, we found no impairment in the ability of Se-deficient animals to produce neutralizing antibody, which suggests that the B cells and T cells required for the production of antibody were not impaired. This was similar to what was previously found with Se-deficient coxsackievirus-infected mice (6, 7).
How does a deficiency in Se lead to an increased inflammatory infiltrate and increased lung pathology post-influenza virus infection? The lung inflammation induced by influenza virus is the major cause of the tissue damage, rather than direct viral damage to lung cells. Recovery from influenza virus is mediated predominantly by cellular immune responses. CD8+ T cells are capable of lysing viral-infected cells and are known to be a major factor in influenza viral clearance (28) . However, CD4+ T cells, which secrete cytokines, can also clear influenza virus in the absence of CD8+ T cells (29, 30) . CD4+ T cells can be further divided into two subsets: T helper 1 (TH1) and T helper 2 (TH2) (31) (32) (33) . TH1 responses are characterized by the release of γ-IFN and IL-2, whereas TH2 responses are characterized by a release of IL-4 and IL-10. The TH1 response generates cytokines, which increase CD8+ T cells, whereas TH2 responses generally suppress CD8+ T cell generation. Thus, a TH1 response is considered important for recovery from viral infection.
We found that Se-deficient mice had decreased γ-IFN and IL-2 compared with Se-adequate mice. In addition, the Se-deficient mice produced more IL-10, IL-13, IL-4, and IL-5 than Seadequate mice. IL-10, IL-13, IL-4, and IL-5 are all part of a TH2 response. In addition, IL-10 inhibits the TH1 response, in part by inhibiting the production of γ-IFN. Thus, our results suggest that the immune response in the lungs of influenza-infected Se-deficient mice was skewed toward a TH2 response rather than a TH1 response.
Chemokines are inducible pro-inflammatory molecules involved in the recruitment of inflammatory cells to sites of injury or infection (34) . They are also important in the trafficking of leukocytes to both lymphoid and nonlymphoid tissues (35) . For example, mice that are deficient in the chemokine macrophage inflammatory protein 1α (MIP-1α) develop much less lung inflammation post-influenza virus infection than normal mice (36) . This finding points to the importance of the chemokine response for the development of inflammation post-influenza infection.
Influenza-infected Se-deficient mice had an overexpression of mRNA for chemokines later in infection when compared with the Se-adequate mice. The increases in RANTES, MIP-1β, MIP-1α, MIP-2, IP-10, and MCP-1 all suggest that the inflammatory response was up-regulated in these mice. The continuing inflammation noted in the Se-deficient animals at a time when the pathology was resolving in the Se-adequate mice suggests that the overexpression of the proinflammatory chemokines contributed to the continued influx of inflammatory cells in the lungs.
Why would a deficiency in Se lead to increased mRNA chemokine expression in influenzainfected animals? One possibility is an increase in oxidative stress in the deficient animals. A deficiency in Se, a constituent of the antioxidant enzyme GSH-Px, would lead to an impaired oxidative stress defense system, which in turn would lead to increased oxidative stress in these animals. The increase in oxidative stress would likely be most pronounced in the infected lung tissue, where the viral infection itself would contribute to the oxidative load (37) . The nuclear factor, NF-κB, is thought to be up-regulated by an increase in oxidative stress (38) . NF-κB, once activated, will up-regulate the production of mRNA for many genes, including the chemokines RANTES and MCP-1. The activation of NF-κB has also been associated with influenza viral infection (39) (40) (41) . Thus, the increased lung pathology in the Se-deficient animals may be due to an excess activation of NF-κB (due to the influenza virus infection itself and to the increased oxidative stress due to a lack of GSH-Px activity), which in turn up-regulates the expression of chemokines. These overexpressed chemokines induce an influx of inflammatory cells to the infected lung tissue.
Activation of NF-κB depends on the reduced form of thioredoxin (42) (43) (44) . Oxidized thioredoxin is reduced by thioredoxin reductase, a selenoenzyme. Thus, a deficiency in Se would be expected to result in decreased activity of thioredoxin reductase, which may result in decreased activation of NF-κB. However, thioredoxin reductase is an extremely potent reductase (45, 46) , and therefore even low levels of the enzyme may activate NF-κB. In addition, under conditions of Se deficiency, thioredoxin reductase activity is conserved more strongly than GPX-1 activity (47, 48) . We do not know how the deficiency in Se affected NF-κB, either by activation through increased oxidative stress or prevention of activation due to reduced thioredoxin reductase activity.
A second possibility for the increase in lung pathology of the influenza-infected Se-deficient mice is a change in the virus itself. Previous work (49) has demonstrated that a normally benign CVB3 becomes virulent in Se-deficient mice because of a change in the viral genome, changing an avirulent virus to a virulent one. The newly mutated virus induces heart pathology in Sedeficient animals. Once the mutations occur in the virus, even mice with normal Se levels are also susceptible to cardiac pathology. It is possible that the genome of the influenza virus in the Se-deficient mice changed to a more virulent genotype. This possibility awaits further study.
In summary, mice fed a diet deficient in Se develop much more severe lung pathology postinfluenza virus infection than Se-adequate mice. Although the increase in lung pathology was not associated with an increase in viral titer, it was associated with an increase in the mRNA expression of pro-inflammatory cytokines and chemokines and a decrease in the expression of anti-inflammatory cytokines. Furthermore, the immune response in the infected lung tissue was shifted away from a TH1 response and toward a TH2 response in the Se-deficient mice. Our work points to the importance of adequate antioxidant defense mechanisms for protection against viral infection and demonstrates that Se-dependent GSH-Px may play an important role during an influenza-induced inflammatory process. Table 1   Table 2 Fig. 1 Each bar represents the mean +/-the SD of 10 animals. Lung pathology was scored without knowledge of the experimental variables and was graded semiquantitatively according to the relative degree (from lung to lung) of mononuclear cell infiltrate as described in Methods and Materials. Bars marked with * indicate statistically significant difference between groups at that time period (P<0.001). was prepared and cytokine mRNA was detected by a multiprobe RNAse protection assay and quantified by image densitometry, as described in Methods and Materials. Each data point represents a pool from two individual mice, repeated 3 times (total of 6 mice per time point). Data are expressed as percent change comparing Se-deficient mice with Seadequate mice (Se-deficient minus Se-adequate divided by Se-adequate × 100). Values above 0 indicate the percent increase of mRNA levels of Se-deficient mice compared with Se-adequate mice, and values below 0 indicate the percent decrease of mRNA levels of Se-deficient mice compared with Se-adequate mice. RNA was prepared and chemokine mRNA was detected by a multiprobe RNAse protection assay and quantified by image densitometry, as described in Methods and Materials. Each data point represents a pool from two individual mice, repeated 3 times (total of 6 mice per time point). Data are expressed as percent change comparing Se-deficient mice with Se-adequate mice (Se-deficient minus Se-adequate divided by Se-adequate × 100). Values above 0 indicate the percent increase of mRNA levels of Se-deficient mice compared with Se-adequate mice, and values below 0 indicate the percent decrease of mRNA levels from Se-deficient mice compared with Se-adequate mice.
